1. Introduction {#sec1}
===============

Humans and other animals, such as insects, as well as plants, host a large and ample array of microorganisms that is known as the "microbiota"; the collection of microbial genomes in a host is referred as the "microbiome" ([@bib39]). These microbial communities interact with their hosts, such a relationship between hosts and their microbial communities enlarge the capacity of organisms to adapt to changing environmental conditions. Fungi are part of this community as the "mycobiota" and constitute the "mycobiome" ([@bib31]; [@bib39]) that differs among host type, body sites and between individuals. The mycobiome has been studied in animals ranging from ruminants to insects ([@bib10]).

Fungi and insects inhabit and share ecological niches and frequently they establish a crucial relationship for their success in nature. Regarding such interactions, fungi and within them mostly yeasts, frequently supply insects with sterols, essential vitamins, and many enzymes ([@bib8]), being outbreeding and spreading the main benefits for fungi ([@bib9]). Recent studies highlighted that yeasts inhabiting insect\'s intestines can reside for long periods and mate or generate sexual forms ([@bib8]; [@bib71]). The digestive tract of insects also hosts pathogens ([@bib46]; [@bib7]) and fungi that are part of a transient microbiome ([@bib11]).

Among insect fungal associations, those between insects and yeasts have been widely studied due to their effect on both partners ([@bib71]). Yeasts associated with insects include Ascomycota (Saccharomycotina, generally called "true yeast", and Pezizomycotina) as well as a few Basidiomycota. Some members of Pezizomycotina and Basidiomycota have a yeast growth habit and because of this, they are known as yeasts or yeast-like symbiotes (YLS) to distinguish them from Saccharomycotina yeasts ([@bib8]).

Planthoppers (Hemiptera: Fulgoroidea) are phytophagous insects that feed by inserting their stylets into the vascular tissue of plants sucking phloem sap ([@bib20]). Like most plant sap-sucking hemipterans, members of the Delphacidae also are associated with diverse microorganisms including bacterial symbionts ([@bib74]; [@bib76]) and fungi that form part of the mycobiome. This includes yeast-like symbiotes (YLS) that provide a nutritional compensation on the restricted diet of these insects that lack some essential nutrients ([@bib53]) and other fungi whose role remains unknown.

The state of the art regarding fungi associated with Delphacidae comes from studies carried out with three major rice planthopper species in Asia: *Sogatella furcifera* (Horváth), *Laodelphax striatellus* (Fallén) and *Nilaparvata lugens* (Stål) and there is only one report in a neotropical rice pest, *Tagosodes orizicolus* (Muir) ([@bib88]). YLS are obligate symbionts harboured in the mycetocytes formed by fat body cells located in the abdomen ([@bib53]; [@bib88]), multiply by budding and are vertically transmitted by transovarial infection ([@bib17]; [@bib48]). Phylogenetic studies indicated that YLS of planthoppers belongs to Pezizomycotina ([@bib53]) that are derived from the entomopathogenic *Cordyceps* clade (Hypocreales: Clavicipitaceae) ([@bib72]). It has been suggested that during evolution these organisms went through considerable changes that were associated with their transition from a filamentous to a budding cell morphology, which additionally changed the relationship with their host, from a pathogenic to an obligate intracellular symbiosis. In planthoppers YLS appeared to play a key role in nitrogen metabolism of the host by recycling uric acid ([@bib66]; [@bib32]), supply the main source for sterol synthesis (ergosta-5,7,24(28)-trienol) ([@bib85]; [@bib54]) and also enzymes for the synthesis of essential amino acids ([@bib89]; [@bib24]; [@bib82]). Genomic studies revealed that YLS contain genes that encode essential steps of biochemical pathways that are missing in the planthopper genome suggesting that YLS might complement the nutritional needs of their host ([@bib89]). Although the mutualistic association with YLS have been widely studied from laboratory-reared planthoppers, other fungi associated are largely unknown. Recent studies by [@bib7] showed that other fungi related to plants and insects as endophytes or pathogens were also found inside the body of *L. striatellus* and *S. furcifera* collected from rice field populations, however, their role remains unknown.

*Delphacodes kuscheli* Fennah (Hemiptera: Delphacidae), a species whose generic status is under revision, is a multivoltine species widely distributed in Argentina (latitude 32°--35° S) ([@bib62]). This planthopper is a phloem feeder ([@bib12]; [@bib14]; [@bib15]) and is the most important natural vector of Mal de Río Cuarto virus (MRCV) (Fijivirus, Reoviridae) ([@bib61]). MRCV seriously affects maize (*Zea mays* L.) production in northern and central provinces of Argentina ([@bib40]; [@bib30]) and also has been detected in Uruguay ([@bib55]). Previous studies of *D. kuscheli* specimens demonstrated that the abdomen of nymphs and adults of both sexes and morphs (macropterous and brachypterous), as well as oocytes, contained YLS, indicating they are vertically transmitted ([@bib13]). Also, the number of YLS throughout the host life cycle, from eggs to adults, was quantified showing that in females the number of YLS is higher than in males and also that their number increase during the reproductive period ([@bib42]). To date, the mycobiota associated with this planthopper pest remains unknown.

Next-generation sequencing (NGS) technologies provided unprecedented opportunities for high-throughput functional genomic research ([@bib50]). In this sense, Illumina technology produces millions of DNA sequence reads in a single run, rapidly changing the landscape of genetic studies ([@bib45]). Currently, NGS technologies offer new opportunities for the analysis of the structure and content of microbial genomes ([@bib26]) and these technologies have been applied to study the structure and species composition of microbial communities associated with insects such as beetles ([@bib49]), ants ([@bib18]), thrips ([@bib35]) and planthoppers ([@bib69]; [@bib7]).

Considering that the diversity of the microbiota might be affected by factors such as the host\'s genetic background, physiological condition, sex, and age, as well as the environmental conditions, like temperature, humidity and diet ([@bib11]; [@bib6]), as a first step towards the study of the endomycobiome associated with *D. kuscheli* we analysed, through a metabarcoding approach, a pool of laboratory-reared females. Our findings will provide information about the endomycobiome associated with *D. kuscheli* as well as the bases for future studies that allow identify the key fungal taxa interacting with this planthopper and their functional contribution in the insect nutrition and life cycle. Such knowledge is crucial to develop a biological management of planthoppers.

2. Materials and methods {#sec2}
========================

2.1. Insects {#sec2.1}
------------

Planthoppers colonies were grown on oat plants (*Avena sativa* L) in a growth chamber at 24 ± 2 °C, 50--55% relative humidity, and a L16:D8 photoperiod at the Entomology Division (Facultad de Ciencias Naturales y Museo, Universidad Nacional de La Plata). The founding insects of these colonies (nymphs and adults) were collected in 2012 from Río Cuarto, Córdoba, Argentina, an endemic area for MRCV.

2.2. DNA isolation {#sec2.2}
------------------

One hundred macropterous female adults (2--4 d old) reared under laboratory conditions were selected to include the possible individual variation of the mycobiota composition. Females were surface sterilized by immersing them three times in ethanol (70 % v/v), vortexed and then washed three times with sterile double distilled water following the same procedure used in other studies ([@bib56]; [@bib7]; [@bib69]). Disinfected insects were pooled in a porcelain mortar, frozen with liquid nitrogen and ground into a fine powder that was resuspended on Nuclei Lysis Solution (at ratio 40 mg of tissue powder/600 μl buffer, Wizard ® Genomic DNA Purification Kit, Promega). Then, the sample was transferred to a microcentrifuge tube, frozen by immersion in liquid nitrogen and incubated at 65 °C for 3 min in a water bath, a procedure that was repeated three times. Then, the sample was vortexed three times and centrifuged for 5 min at 3500 rpm. To check the presence of yeasts in the sample, the supernatant and the resuspended pellet were observed with a microscope. Then, the DNA of the enriched fraction (the pellet) was isolated using the Wizard ® Genomic DNA Purification Kit (Promega) according to the manufacturer instructions. The quality and quantity of DNA were estimated by measuring the optical density (OD) with a NanoDrop 2000 UV-Vis spectrophotometer (Thermo Scientific).

Genomic DNA isolation was confirmed by amplifying the ITS using a pair of fungal primers ITS-4 and ITS-5 ([@bib86]), according to [@bib27]. Genomic DNA isolated from Ascomycota *Humicolopsis cephalosporioides* strain LPSC 1155 (accession number KY065162), and Basidiomycota *Naganishia diffluens* (accession number MN826140**)** were included as positive controls of amplification of fungal DNA. Amplified fragments were visualized in 1% agarose gels stained with ethidium bromide that also contained a 100 to 1,000-bp marker (Inbio Highway, Tandil, Argentina). Gels were photo-documented through an image analyzer (Gene Genus analyzer, Syngene) according to [@bib47]. 

2.3. Amplicon sequencing {#sec2.3}
------------------------

Diversity assay using bTEFAP Illumina MiSeq (2 × 300 PE) was performed at Molecular Research LP (MR DNA, [www.mrdnalab.com](http://www.mrdnalab.com){#intref0010}, Shallowater, TX, USA) using the primer set ITS-5 and ITS-4 ([@bib86]) and DNA extracted at the previous section as template. Barcode (CACACTCA) was added on 3′ of the forward primer. PCR product was checked in a 2 % (w/v) agarose gel where the presence of the band, as well as their relative intensity, was determined. The sample was purified using calibrated Ampure XP beads. Then, the purified PCR products were used to prepare the DNA library by following Illumina TruSeq DNA library preparation protocol. Sequencing was performed following the manufacturer\'s guidelines. The sequence data derived from the sequencing process was processed using MR DNA analysis pipeline (MR DNA, Shallowater, TX, USA).

2.4. Data analysis {#sec2.4}
------------------

A low level of joined paired-end reads was observed for the ITS dataset, so the analysis was performed as described by [@bib19] that described somewhat similar results. Briefly, the forward and reverse files were merged using *multiple_split_libraries_fastq.py.* ITS1 and ITS2 regions were extracted using ITSx v1.0.11 ([@bib4]) and then were concatenated in a new file. Chimeras were filtered on a concatenated file using UCHIME algorithm ([@bib22]) with VSEARCH v1.1.3 and UNITE/INSDC ([@bib75]) as a reference database. Non-chimeric sequences from ITS1-ITS2 concatenated files were used for Operational Taxonomic Units (OTUs) picking running on QIIME, with BLAST as taxonomic assignment method ([@bib1]), and a non-redundant ITS database version 7.1 of UNITE plus INSD ([@bib37]) using as split 3% of the genetic distance using the average-neighbour method. Singletons were removed to minimize the overestimation of rare OTUs. Only OTUs assigned to kingdom Fungi were used for further analysis ([@bib19]).

The quality of the sequencing process was assessed through a rarefaction curve and Good\'s coverage (C = 1- (n~1~/N), where n~1~ is the number of OTUs that have been sampled once and N is the total number of individuals in the sample) were calculated using Mothur v.1.36.1 ([@bib67]).

3. Results {#sec3}
==========

The ITS amplification of a template DNA extracted from 100 macropterous female adults generated two fragments, 600 and 750 bp long (Fig. S1). Both represent the ITS of organisms that might be living within insects, and probably some contaminants of the sample. As we confirm that extracted DNA was able to use it for ITS amplification, amplicon sequencing was done using this DNA to know the diversity of fungi associated with the insect through bTEFAP Illumina MiSeq technology. Future research using other sequencing methods should be aimed at studying the remaining organisms.

Sequencing provided 134,135 sequences that, after filtering based on quality, algorithms and reference databases as described above, were reduced to 14,683. Among these sequences, 1,457 represented 49 OTUs not belonged to fungi; therefore, they were eliminated, remaining 13,226 fungal sequences represented in 327 OTUs. Raw sequence reads were submitted to the National Center for Biotechnology Information Sequence Read Archive ([www.ncbi.nlm.nih.gov/sra](http://www.ncbi.nlm.nih.gov/sra){#intref0015}) and are available under accession number SRX5076285. The rarefaction curve approached saturation (Fig. S2), and the coverage was higher than 97%, suggesting the high level of performance of the sequencing process.

Sequence analysis and clustering defined a total of 327 fungal OTUs. While 222 OTUs represented 91 genera of fungi the remaining 105 OTUs corresponded to unidentified taxa. The relative abundance as well as the current taxonomic status of the genera according to UNITE plus INSD version 7.1, are presented in [Table 1](#tbl1){ref-type="table"}. Among the fungal genera, 29 have already been mentioned in Delphacidae. Seventy-seven per cent of the identified genera belonged to Ascomycota and 23% to Basidiomycota. The abundance of Ascomycota was higher (93.12%) than Basidiomycota (6.14%). The most abundant genera (abundance relative \>1) of fungi identified were *Mycosphaerella*, *Didymella*, *Alternaria*, *Penicillium*, *Aspergillus*, *Hannaella*, *Cordyceps*, *Dothistroma*, *Fusarium*, *Nigrospora*, *Stemphylium*, and *Diutina*. Eighteen of the fungal genera identified corresponded to yeasts. Their relative abundance and their current taxonomic status, according to UNITE plus INSD version 7.1, are presented in [Table 2](#tbl2){ref-type="table"}. The most represented order within Ascomycota was Saccharomycetales (98.78%) and within Basidiomycota was Tremellales (92.22%) ([Figure 1](#fig1){ref-type="fig"}). The relative abundance of genera that belong to Ascomycota and Basidiomycota is shown in [Figure 2](#fig2){ref-type="fig"}. While the predominant genera in the ascomycetous group were *Diutina*, *Pichia*, and *Candida*, in the basidiomycetous yeasts were *Hannaella*, *Naganishia*, *Vishniacozyma*, *Sporobolomyces*, and *Rhodotorula.*Table 1Relative abundance of fungal genera recovered from *Delphacodes kuscheli* (Hemiptera: Delphacidae) and their current taxonomic status according to UNITE plus INSD version 7.1. Genera previously reported in Delphacidae are shown in bold.Table 1GenusRelative abundanceReadsOTUsPhylumSubphylumClassOrderFamily*Mycosphaerella*21.35279620AscomycotaPezizomycotinaDothideomycetesCapnodialesMycosphaerellaceae*Didymella*10.18133313AscomycotaPezizomycotinaDothideomycetesPleosporalesDidymellaceae***Alternaria*8.92116913AscomycotaPezizomycotinaDothideomycetesPleosporalesPleosporaceae*Penicillium*7.83102520AscomycotaPezizomycotinaEurotiomycetesEurotialesAspergillaceae*Aspergillus*6.2181317AscomycotaPezizomycotinaEurotiomycetesEurotialesAspergillaceae***Hannaella*4.255573BasidiomycotaAgaricomycotinaTremellomycetesTremellalesBulleribasidiaceae***Cordyceps*3.214202AscomycotaPezizomycotinaSordariomycetesHypocrealesCordycipitaceae***Dothistroma*3.013944AscomycotaPezizomycotinaDothideomycetesCapnodialesMycosphaerellaceae***Fusarium*1.782332AscomycotaPezizomycotinaSordariomycetesHypocrealesNectriaceae***Nigrospora*1.622126AscomycotaPezizomycotinaSordariomycetesXylarialesApiosporaceae***Stemphylium*1.131484AscomycotaPezizomycotinaDothideomycetesPleosporalesPleosporaceae***Diutina*1.101441AscomycotaSaccharomycotinaSaccharomycetesSaccharomycetalesincertae sedis*Wojnowicia*0.971271AscomycotaPezizomycotinaDothideomycetesPleosporalesPhaeosphaeriaceae*Septoria*0.801053AscomycotaPezizomycotinaDothideomycetesCapnodialesMycosphaerellaceae***Naganishia*0.72943BasidiomycotaAgaricomycotinaTremellomycetesTremellalesFilobasidiaceae*Curvularia*0.58766AscomycotaPezizomycotinaDothideomycetesPleosporalesPleosporaceae***Gibberella*0.48634AscomycotaPezizomycotinaSordariomycetesHypocrealesNectriaceae***Acremonium*0.41544AscomycotaPezizomycotinaSordariomycetesHypocrealesincertae sedis*Pichia*0.37481AscomycotaSaccharomycotinaSaccharomycetesSaccharomycetalesPichiaceae*Toxicocladosporium*0.33431AscomycotaPezizomycotinaDothideomycetesCapnodialesCladosporiaceae***Leptospora*0.29382AscomycotaPezizomycotinaDothideomycetesPleosporalesPhaeosphaeriaceae***Candida*0.28374AscomycotaSaccharomycotinaSaccharomycetesSaccharomycetalesincertae sedis***Vishniacozyma*0.28373BasidiomycotaAgaricomycotinaTremellomycetesTremellalesBulleribasidiaceae*Cladorrhinum*0.26341Ascomycota,PezizomycotinaSordariomycetesSordarialesLasiosphaeriaceae*Scytalidium*0.25332AscomycotaPezizomycotinaLeotiomycetesHelotialesHelotiaceae***Bipolaris*0.24312AscomycotaPezizomycotinaDothideomycetesPleosporalesPleosporaceae***Readeriella*0.24311AscomycotaPezizomycotinaDothideomycetesCapnodialesTeratosphaeriaceae*Tiarosporella*0.24312AscomycotaPezizomycotinaDothideomycetesBotryosphaerialesBotryosphaeriaceae*Dissoconium*0.21274AscomycotaPezizomycotinaDothideomycetesCapnodialesMycosphaerellaceae***Sporobolomyces*0.19253BasidiomycotaPucciniomycotinaMicrobotryomycetesSporidiobolalesSporidiobolaceae***Eutypa*0.18241AscomycotaPezizomycotinaSordariomycetesXylarialesDiatrypaceae*Penidiella*0.18241AscomycotaPezizomycotinaDothideomycetesCapnodialesTeratosphaeriaceae*Beauveria*0.17221AscomycotaPezizomycotinaSordariomycetesHypocrealesCordycipitaceae*Pyrenochaetopsis*0.17222AscomycotaPezizomycotinaDothideomycetesPleosporalesPyrenochaetopsidaceae*Phaeothecoidea*0.14181AscomycotaPezizomycotinaDothideomycetesCapnodialesMycosphaerellaceae***Rhodotorula*0.12162BasidiomycotaPucciniomycotinaMicrobotryomycetesSporidiobolalesSporidiobolaceae*Sarocladium*0.11141AscomycotaPezizomycotinaSordariomycetesHypocrealesincertae sedis*Aureobasidium*0.10132AscomycotaPezizomycotinaDothideomycetesDothidealesAureobasidiaceae***Neodevriesia*0.10133AscomycotaPezizomycotinaDothideomycetesCapnodialesNeodevriesiaceae*Periconia*0.09122AscomycotaPezizomycotinaDothideomycetesPleosporalesPericoniaceae*Pyrenochaeta*0.09121AscomycotaPezizomycotinaDothideomycetesPleosporalesCucurbitariaceae*Uwebraunia*0.08111AscomycotaPezizomycotinaDothideomycetesCapnodialesDissoconiaceae*Catenulostroma*0.08101AscomycotaPezizomycotinaDothideomycetesCapnodialesTeratosphaeriaceae*Papiliotrema*0.08102BasidiomycotaAgaricomycotinaTremellomycetesTremellalesRhynchogastremataceae*Saitozyma*0.08101BasidiomycotaAgaricomycotinaTremellomycetesTremellalesTrimorphomycetaceae***Malassezia*0.0791BasidiomycotaUstilaginomycotinaMalasseziomycetesMalassezialesMalasseziaceae***Xenoramularia*0.0791AscomycotaPezizomycotinaDothideomycetesCapnodialesMycosphaerellaceae*Bartalinia*0.0681AscomycotaPezizomycotinaSordariomycetesAmphisphaerialesSporocadaceae*Ascochyta*0.0571AscomycotaPezizomycotinaDothideomycetesPleosporalesDidymellaceae*Botrytis*0.0571AscomycotaPezizomycotinaLeotiomycetesHelotialesSclerotiniaceae*Dioszegia*0.0571BasidiomycotaAgaricomycotinaTremellomycetesTremellalesBulleribasidiaceae*Neoascochyta*0.0571AscomycotaPezizomycotinaDothideomycetesPleosporalesDidymellaceae***Sterigmatomyces*0.0571BasidiomycotaPucciniomycotinaAgaricostilbomycetesAgaricostilbalesAgaricostilbaceae*Coniosporium*0.0562AscomycotaPezizomycotinaEurotiomycetesChaetothyrialesHerpotrichiellaceae***Devriesia*0.0561AscomycotaPezizomycotinaDothideomycetesCapnodialesTeratosphaeriaceae*Dicyma*0.0561AscomycotaPezizomycotinaSordariomycetesXylarialesXylariaceae***Talaromyces*0.0561AscomycotaPezizomycotinaEurotiomycetesEurotialesTrichocomaceae***Auricularia*0.0451BasidiomycotaAgaricomycotinaAgaricomycetesAuricularialesAuriculariaceae*Celosporium*0.0451AscomycotaPezizomycotinaDothideomycetesNeocelosporialesNeocelosporiaceae***Cladosporium*0.0452AscomycotaPezizomycotinaDothideomycetesCapnodialesCladosporiaceae***Coniochaeta*0.0451AscomycotaPezizomycotinaSordariomycetesConiochaetalesConiochaetaceae*Fusariella*0.0451AscomycotaPezizomycotinaSordariomycetesHypocrealesincertae sedis*Martiniozyma*0.0451AscomycotaSaccharomycotinaSaccharomycetesSaccharomycetalesPichiaceae*Neopestalotiopsis*0.0451AscomycotaPezizomycotinaSordariomycetesAmphisphaerialesPestalotiopsidaceae*Ramichloridium*0.0451AscomycotaPezizomycotinaDothideomycetesCapnodialesDissoconiaceae*Cystobasidium*0.0341BasidiomycotaPucciniomycotinaCystobasidiomycetesCystobasidialesCystobasidiaceae*Cytospora*0.0341AscomycotaPezizomycotinaSordariomycetesDiaporthalesCytosporaceae*Exobasidium*0.0341BasidiomycotaUstilaginomycotinaExobasidiomycetesExobasidialesExobasidiaceae***Pleurotus*0.0341BasidiomycotaAgaricomycotinaAgaricomycetesAgaricalesPleurotaceae***Teratosphaeria*0.0341AscomycotaPezizomycotinaDothideomycetesCapnodialesTeratosphaeriaceae*Symmetrospora*0.0341BasidiomycotaPucciniomycotinaCystobasidiomycetesincertae sedisSymmetrosporaceae*Acrostalagmus*0.0231AscomycotaPezizomycotinaSordariomycetesHypocrealesHypocreaceae*Blumeria*0.0231AscomycotaPezizomycotinaLeotiomycetesErysiphalesErysiphaceae*Cercospora*0.0231AscomycotaPezizomycotinaDothideomycetesCapnodialesMycosphaerellaceae***Cryptococcus*0.0231BasidiomycotaAgaricomycotinaTremellomycetesTremellalesTremellaceae***Dinemasporium*0.0231AscomycotaPezizomycotinaSordariomycetesChaetosphaerialesChaetosphaeriaceae*Kwoniella*0.0231BasidiomycotaAgaricomycotinaTremellomycetesTremellalesCryptococcaceae*Magnaporthe*0.0231AscomycotaPezizomycotinaSordariomycetesMagnaporthalesMagnaporthaceae*Pilatoporus*0.0231BasidiomycotaAgaricomycotinaAgaricomycetesPolyporalesFomitopsidaceae*Rachicladosporium*0.0231AscomycotaPezizomycotinaDothideomycetesCapnodialesCladosporiaceae*Sphaerulina*0.0231AscomycotaPezizomycotinaDothideomycetesCapnodialesMycosphaerellaceae*Coriolopsis*0.0221BasidiomycotaAgaricomycotinaAgaricomycetesPolyporalesPolyporaceae*Graphiola*0.0221BasidiomycotaUstilaginomycotinaExobasidiomycetesExobasidialesGraphiolaceae*Lophodermium*0.0221AscomycotaPezizomycotinaLeotiomycetesRhytismatalesRhytismataceae*Occultifur*0.0221BasidiomycotaPucciniomycotinaCystobasidiomycetesCystobasidialesCystobasidiaceae*Phaeosphaeria*0.0221AscomycotaPezizomycotinaDothideomycetesPleosporalesPhaeosphaeriaceae*Poaceascoma*0.0221AscomycotaPezizomycotinaDothideomycetesPleosporalesLentitheciaceae*Plectosphaerella*0.0221AscomycotaPezizomycotinaSordariomycetesGlomerellalesPlectosphaerellaceae*Pseudophaeomoniella*0.0221AscomycotaPezizomycotinaEurotiomycetesPhaeomoniellalesPhaeomoniellaceae*Sclerostagonospora*0.0221AscomycotaPezizomycotinaDothideomycetesPleosporalesPhaeosphaeriaceae*Thelonectria*0.0221AscomycotaPezizomycotinaSordariomycetesHypocrealesNectriaceaeUnidentified taxa19.992618105Table 2Relative abundance of yeasts associated with *Delphacodes kuscheli* (Hemiptera: Delphacidae) at the generic level and their taxonomic status according to UNITE plus INSD version 7.1 Genera previously reported in Delphacidae are shown in bold.Table 2GenusRelative abundanceReadsOTUsPhylumSubphylumClassOrderFamily*Hannaella*54.135573BasidiomycotaAgaricomycotinaTremellomycetesTremellalesBulleribasidiaceae*Diutina*13.991441AscomycotaSaccharomycotinaSaccharomycetesSaccharomycetalesincertae sedis***Naganishia*9.13943BasidiomycotaAgaricomycotinaTremellomycetesTremellalesFilobasidiaceae*Pichia*4.66481AscomycotaSaccharomycotinaSaccharomycetesSaccharomycetalesPichiaceae*Candida*3.59374AscomycotaSaccharomycotinaSaccharomycetesSaccharomycetalesincertae sedis***Vishniacozyma*3.59373BasidiomycotaAgaricomycotinaTremellomycetesTremellalesBulleribasidiaceae***Sporobolomyces*2.42253BasidiomycotaPucciniomycotinaMicrobotryomycetesSporidiobolalesSporidiobolaceae*Rhodotorula*1.55162BasidiomycotaPucciniomycotinaMicrobotryomycetesSporidiobolalesSporidiobolaceae*Aureobasidium*1.26132AscomycotaPezizomycotinaDothideomycetesDothidealesAureobasidiaceae***Papiliotrema*0.97102BasidiomycotaAgaricomycotinaTremellomycetesTremellalesRhynchogastremataceae*Saitozyma*0.97101BasidiomycotaAgaricomycotinaTremellomycetesTremellalesTrimorphomycetaceae***Malassezia*0.8791BasidiomycotaUstilaginomycotinaMalasseziomycetesMalassezialesMalasseziaceae***Dioszegia*0.6871BasidiomycotaAgaricomycotinaTremellomycetesTremellalesBulleribasidiaceae***Sterigmatomyces*0.6811BasidiomycotaPucciniomycotinaAgaricostilbomycetesAgaricostilbalesAgaricostilbaceae***Kwoniella*0.4831BasidiomycotaAgaricomycotinaTremellomycetesTremellalesCryptococcaceae*Cystobasidium*0.3941BasidiomycotaPucciniomycotinaCystobasidiomycetesCystobasidialesCystobasidiaceae*Martiniozyma*0.2951AscomycotaSaccharomycotinaSaccharomycetesSaccharomycetalesPichiaceae***Cryptococcus*0.2931BasidiomycotaAgaricomycotinaTremellomycetesTremellalesTremellaceae**Figure 1Relative abundance of yeasts associated with *Delphacodes kuscheli* (Hemiptera: Delphacidae) at level of order. A) Ascomycota. B) Basidiomycota.Figure 1Figure 2Relative abundance of yeasts associated with *Delphacodes kuscheli* (Hemiptera: Delphacidae) at the generic level. A) Ascomycota. B) Basidiomycota. **∗** indicates genera previously reported in planthoppers belonged to the Delphacidae.Figure 2

Even though the definition of species within organisms should be established based on the ITS as well as additional gene sequences we present here the list of species predicted by the analysis of DNA sequences recovered by the metabarcoding approach assigned by clustering of 97% of genetic similarity (OTUs) (Table S1). Therefore, future studies should be aimed at confirming the identity of the organisms through the whole genome or at least four or five additional gene sequences.

4. Discussion {#sec4}
=============

Currently, researchers emphasize the role that insect\'s microbiome play in host physiology, behaviour, and evolution ([@bib41]). Several fungal taxa have been reported as relevant components of insect microbiomes ([@bib57]). Fungi, frequently yeasts, are found within different parts of insects (i.e., gut, stomach, hemolymph, fat body, and/or ovary); they might be pathogens, casual passengers or establish a facultative or obligate association providing insects with an advantage in terms of survival and/or nutrition ([@bib91]; [@bib71]; [@bib79]).

The present study is the first to provide information through a metabarcoding approach of the mycobiome of *D. kuscheli*. Since the mycobiome might vary between sexes and host\'s genetic background ([@bib11]), we made a preliminary study to know the main components of the endomycobiome of *D. kuscheli* females using a sample that consisted in 100 individuals. Although such an approach prevented us from knowing variations within individuals of a population, overall, this will give us a preliminary idea of all the fungal organisms that might be interacting with *D. kuscheli* at any time. Future studies should be aimed at studying how the environment or the genetic background of the host might affect the composition of the mycobiome as well as its stability.

In this study, 91 fungal genera were found associated with *D. kuscheli* and among them, 24 genera have already been reported in Delphacidae. The genera with a high relative abundance (abundance relative \>1) included fungi that were described to be plant pathogens, endophytic, entomopathogens as well as yeasts associated with the plant\'s phylloplane. *Mycosphaerella, Didymella, Alternaria, Penicillium, Aspergillus*, *Cordyceps, Fusarium*, *Nigrospora*, and *Stemphylium* were reported by several authors as endophytes of tropical plants as well as several grasses ([@bib64]; [@bib65]; [@bib87]). *Mycosphaerella* was previously reported as a phytopathogen transmitted and spread by insects ([@bib5]) and *Didymella* was also found in plant lesions produced by a phytopathogen transmitting insect vector ([@bib58]). This observation suggests that most probably such organisms are acquired by *D. kuscheli* when it feeds.

Different genera of fungal entomopathogens have been reported as naturally occurring fungal endophytes ([@bib78]), like a species of *Fusarium* that is a known entomopathogen of the delphacid *Perkinsiella saccharicida* (Kirkaldy) ([@bib63]).

Among the fungi associated with *D. kuscheli* some of the frequent genera found also were identified as dominant fungi of the mycobiome of fertilized and non-fertilized eggs of the planthopper *N. lugens* ([@bib69]). Also, we found fungi related to plants symbionts and pathogens of plants like *Sarocladium*, *Alternaria*, *Aspergillus,* and *Curvularia* that also have been found within planthoppers collected from rice field populations by [@bib7]. Among them, *Sarocladium* was reported as an entomopathogenic fungus for *Planococcus ficus* (Signoret) (Hemiptera: Pseudococcidae) ([@bib68]) and representatives of the genus *Acremonium* were found living as endophytes of maize and perennial ryegrass ([@bib70]) and also was reported to be entomopathogens ([@bib78]). Interestingly, one species of *Acremonium* was isolated from the gut of *Triatoma infestans* (Klug) (Hemiptera: Reduviidae) by [@bib46] in what turned out to be one of the few reports describing the presence of entomopathogenic fungi in the mycobiota of the digestive tract. *Acremonium* was mentioned harboured within fat bodies of the delphacid *N. lugens* by [@bib33]. Furthermore, recently *Acremonium implicatum* and *Sarocladium strictum,* were found in eggs of *N. lugens* indicating this that they might be transmitted transovarially ([@bib69]). However, the presence of *Acremonium* and *Sarocladium* within *D. kuscheli* is not surprising, further studies are necessary to know their specific location, their source of acquisition, as well as the type of relationship they establish with the host and their role in the life cycle of this planthopper.

Another abundant fungus within *D. kuscheli* was *Cordyceps*, an entomopathogenic genus that belongs to Hypocreales. Interestingly, obligate YLS of planthoppers and several groups of plant-sucking hemipterans are closely related to *Cordyceps* ([@bib72]; [@bib51]; [@bib60]). Further studies are necessary to know the specific role of these fungi in *D. kuscheli.*

Among all the fungi associated whit *D. kuscheli*, we also found several yeasts. Yeasts-insects associations have been widely studied due to their relevant implications for both of the parties involved ([@bib8], [@bib9]). The more abundant genera were *Hannaella* and *Diutina*. Representatives of the genera *Hannaella* have been isolated from environments such as air, phylloplane of several plant species and soil ([@bib83]; [@bib38]; [@bib73]) and also were found as part of the gut mycobiota in Lepidoptera pests of maize ([@bib92]). Similarly, representatives of *Diutina* were isolated from ants and soil ([@bib3]).

In the Delphacidae, YLS have been widely studied by the mutualistic association they establish with their hosts. The dominant YLS previously reported in the Delphacidae belong to Ascomycota (Hypocreales, Clavicipitaceae) ([@bib53]; [@bib72]; [@bib24]), which provide complementary functions to planthoppers such as synthesis of essential amino acids and sterols, nitrogen storage and recycling as well as in carbohydrates metabolism ([@bib89]). Though YLS belonging to Hypocreales have been reported to be dominant endosymbionts of planthoppers, other culturable fungi from the genera *Candida, Cryptococcus, Debaryomyces*, and *Pichia*, as well as uncultured fungi were also found ([@bib21]; [@bib56]; [@bib33]); however, their role remain obscure. Studies by [@bib90] indicated that YLS of planthoppers are mainly represented by taxa from Sordariomycetes, Saccharomycetes, Tremellomycetes, and Agaricostibomycetes. In this study, we have additionally found representatives of Dothideomycetes, Microbotryomycetes, and Malasseziomycetes, which include genera that also were recently reported in eggs of *N. lugens* ([@bib69]).

Among the 18 genera of yeasts identified in this study, the genera *Aureobasidium*, *Candida*, *Cryptococcus, Sterigmatomyces*, *Malassezia*, *Naganishia*, *Pichia, Rhodotorula,* and *Sporobolomyces* were previously reported in Delphacidae, and 9 genera are mentioned for the first time within the family. We found that the abundant yeasts in *D. kuscheli* corresponded mostly to Tremellales (*Hannaella* and *Naganishia*), and Saccharomycetales (*Diutina*, *Pichia* and *Candida*). Among Tremellales, *Cryptococcus* sp. also was found in this study. *Cryptococcus-*like symbiotes were found inside fat bodies of the planthopper *N. lugens* ([@bib21]; [@bib90]). The genus *Cryptococcus* was recently redefined ([@bib43]), and representatives of this genus are currently included in the genera *Papiliotrema, Vishniacozyma, Naganishia*, *Saitozyma*, and *Dioszegia.* In this study, several OTUs corresponding to these generic names were detected. *Naganishia* and *Vishniacozyma* representatives were previously isolated from the gut of beetles (Coleoptera: Scolytidae) ([@bib77]; [@bib9]). Regarding roles of yeast endosymbionts in insects, [@bib66] showed that YLS of *N. lugens* are involved in insect uric acid metabolism mobilizing its reserve as a source of nitrogen for the synthesis of amino acids improving in this way the host nutrition. Interestingly, [@bib81] isolated different species of *Cryptococcus*, as well as *Rhodotorula*, *Debaryomyces*, *Trametes*, and *Penicillium* from *Dactylopius* (Hemiptera: Coccoidea: Dactylopiidae), whose genomes contain genes that code proteins involved in uric acid catabolism, suggesting that they probably help insects to recycle nitrogen. Interestingly *Rhodotorula mucilaginosa* was previously mentioned as an uricolytic fungal symbiont of *Dactylopius* spp. (Hemiptera: Dactylopiidae) by [@bib80]. Based on previous findings and on the fact that fungi previously identified as *Cryptococcus* as well as *Rhodotorula* species were found associated with *D. kuscheli*, further studies should evaluate the role these fungi might play in recycling nitrogenous compounds in this planthopper pest.

Among Saccharomycetales the most abundant genera associated with *D. kuscheli* were *Diutina*, *Pichia,* and *Candida*. *Pichia-*like and *Candida-*like symbiotes were previously reported as YLS in species of planthoppers ([@bib23]; [@bib21]; [@bib34]; [@bib56]; [@bib33]; [@bib84]; [@bib90]; [@bib16]). Several fungi tentatively identified as taxa corresponding to the genus *Candida* also have been reported in several orders of insects ([@bib77]) and were frequently isolated from guts of honey bees ([@bib29]), *Solenopsis invicta* Buren (Hymenoptera: Formicidae), some families of Neuroptera and Blattodea ([@bib52]) as well as from the digestive tract of the mealybug *Pseudococcus longispinus* (Targioni-Tozzetti) (Hemiptera: Pseudococcidae) ([@bib59]). Previous studies by [@bib23] showed that in the planthopper *L. striatellus,* a YLS member identified as *Candida* sp*.* produced ergosterol and provided it to the host as a source of 24-methylenecholesterol and cholesterol. Interestingly, *C. parapsilosis* can synthesize sterols, primarily ergosterol and zymosterol ([@bib2]; [@bib3]) suggesting a probable role for supplying ergosterol to insects.

Several yeasts associated with *D. kuscheli*, such as those of the following genera: *Vishniacozyma, Dioszegia*, *Rhodotorula, Sporobolomyces* and *Aureobasidium,* also have been found within the mycobiota of phylloplane ([@bib25]; [@bib36]).

The presence in *D. kuscheli* of fungi frequently reported as endophytic and associated with the phylloplane and digestive tract of insects, suggests that the feeding behaviour might be one of the ways that this planthopper acquires at least several of these fungi. *Delphacodes kuscheli* repeatedly explores the plant surface with the labium and secretes a small amount of saliva to dissolve and test chemical components, which is followed by extensive periods of salivation and ingestion in phloem sap ([@bib12]; [@bib15]). This behaviour may lead to the ingestion of fungi that inhabit the phylloplane as well as fungal endophytes associated with their gramineous host plants. So, since the feeding behaviour appears to be a way fungi reach the digestive tract, this might be the most relevant mechanism of horizontal transmission of YSL in planthoppers. In this sense, it is interesting to highlight that horizontal symbiotes transfer has been considered a mechanism that might explain the close phylogenetic relationship between the aphid and planthopper YLS ([@bib28]). Additionally, recent studies highlighted that entomopathogenic fungi can infect insects via oral ingestion ([@bib44]), which is another evidence supporting that ingestion might be a possible way of acquisition of fungal pathogens and symbionts by *D. kuscheli*. In line with this [@bib7] demonstrated that the guts of two planthoppers pests harboured more fungi than other tissues and suggested the possibility that fungi were acquired from direct feeding.

In summary, our results increase the knowledge regarding the diversity of fungi present in the Delphacidae and analyse for the first time the endomycobiome associated with *D. kuscheli*. Since several fungi associated with *D. kuscheli* are frequent inhabitants of the phylloplane and some are endophytes, we suggest that feeding might be one of the possible mechanisms of horizontal transfer in planthoppers. This work intends to be the starting point for further exploring the nature of the ecological relationship between *D. kuscheli* and the dominant representatives of its mycobiome as well as their specific functions that might impact the life cycle of this pest, what might lead to the development of new management strategies.
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